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体 NMR 波谱技术，并结合原位和非原位 XRD 以及电化学表征等方法对钠离
子电池电极材料 Na3V2(PO4)2F3 和锂离子电池电极材料 Li2NaV2(PO4)2F3 、RuO2 
在电化学反应中结构变化特征，材料结构与电化学性能之间的关系及电化学反应
机理进行了系统地研究。 
通过电化学测量，XRD 谱图和高分辨的 23Na 和 31P NMR 谱等对钠离子
电池正极材料 Na3V2(PO4)2F3  在首次充放电过程中的长程、短程结构变化以及
离子扩散过程及相关的电子轨道变化进行了研究。从 23Na NMR 谱和 XRD 精
修数据可知，至少在充电的初始阶段，全占据 Na1 位上的 Na 和半占据 Na2 位
上的 Na 同时脱出。Na3V2(PO4)2F3  材料在首次充电过程中晶胞参数 a 逐渐增
大而 c 逐渐减小，表明其充电阶段是一个固溶体反应。对于 Na3-xV2(PO4)2F3  材
料在 x = 0.9 至 x = 1 时 23Na NMR 谱峰位移的突变，我们猜测是 V 的 t2g 电
子轨道发生重排的结果。在充电初始阶段，  Na 离子的移动性随着 
Na3-xV2(PO4)2F3  材料结构中 Na 空位的增多而逐渐增加，当 x = 0.9 时，Na1 位
上的 Na 与 Na2 位上的 Na 的交换速率大于等于 4.6kHz。快速的 Na 离子移
动性和交换速率及其较高的表观电化学扩散系数是 Na3V2(PO4)2F3  材料电化学
性能优越的主要原因之一。然而 31P NMR 谱比较复杂，两个 P 位的 31P 的共


















化学循环性能突出，在以 69.5 mA/g 的电流密度循环 100 圈后，放电比容量仍
然有 122 mAh/g。原位 XRD 结果表明 Li2NaV2(PO4)2F3 材料的首次电化学充放
电过程可分为 2 个阶段，当电压在 2.5 V 至 3.8 V 之间为两相反应，而当电压
在 3.8 V 至 4.5 V 之间为固溶体反应。23Na 和 7Li NMR 谱峰的变化均表明
Li2NaV2(PO4)2F3 材料中的 Na 不参与电化学反应，即在 2.5 V 至 4.5 V 范围内，
无法通过电化学循环方法用 Li 置换出 Li2NaV2(PO4)2F3 材料中 Na，因此材料
比容量受限于两个 Li+ 的交换容量。在放电阶段新出现的 3.85 V 电压平台是由
于 V 离子的未成对电子轨道变化所导致的。  
通过高分辨的 1H，6,7Li，17O 和 19F NMR 谱及原位 XRD 谱对锂（离子）
电池转换型电极材料 RuO2 在首次放电过程中电极材料的变化进行了研究。根据
电压的变化，将 RuO2 的首次放电过程分为三个阶段。在阶段 I（3.0V - 0.8 V），
Li 与 RuO2 经过中间相 LixRuO2 向 LiRuO2 转变，同时电解液分解形成 SEI 
层。在阶段 II （0.8 V 平台），Li 与 LixRuO2/LiRuO2 转化成 Ru，Li2O 和 LiOH。
Li2O 和 LiOH 在形成后会分别发生团聚，同时推测金属 Ru 的存在会加速电解
液分解形成 SEI 层。在阶段 III （0.8 V - 0.05 V），LiOH 与 Li 生成 Li2O 和 
LiH。利用 NMR 波谱技术以及 LiOH/Li 电池的首次放电的 NMR 结果，共同
证明了 RuO2 额外容量主要的来源为 LiOH。 
 





















Lithium ion batteries have attracted much attention as one of the present portable 
energy sources, and sodium ion battery is a noteworthy candidate for next generation 
of large-scale energy storage batteries. Exploration of high performance electrode 
materials is the key approach to improve the electrochemical performance of 
lithium/sodium ion batteries. However, control and optimization of the 
electrochemical performance of electrode materials are based on a comprehensive 
understuanding about the structural change and reaction mechanism of lithium/sodium 
ions de/intercalation or transport during electrochemical cycling. Since solid state 
nuclear magnetic resonance (NMR) spectroscopic technique is a powerful tool in 
characterizing both long- and short-range materials, especially for the local structure 
of nanoscale and amorphous species. Furthermore, the information of ionic dynamics 
in the structure and the electronic structure of the cations surrounding the nuclear 
probe can be extracted and monitered by solid state NMR. So solid state NMR plays 
an important role in the study of electrode/electrolyte materials in recent years. In this 
dissertation, we employed high resolution in and ex situ solid state NMR 
spectroscopic technique combined with in and ex situ X-ray diffraction (XRD) and 
electrochemical measurements to study the structures, the relationships between 
structrue and electrochemical performance and electrochemical reaction mechanisms 
for different kinds of electrode materials used for lithium/sodium ion batteries, 
including Na3V2(PO4)2F3 material for sodium ion batteries, Li2NaV2(PO4)2F3 and 
RuO2 material for lithium ion batteries. 
The long- and short-range structural changes and ionic and electronic mobility of 
Na3V2(PO4)2F3 as a positive electrode material in a sodium ion battery have been 
investigated with electrochemical analysis, XRD, and high-resolution 23Na and 31P 
NMR during the first charging/discharging process. Both the 23Na NMR spectra and 
XRD refinements show that the Na ions are removed non-selectively from the fully 
















charge. Anisotropic changes in lattice parameters of the Na3V2(PO4)2F3 electrode 
material upon charge have been observed, with a continues to increase and c decrease, 
indicative of solid-solution processes. A discontinuity in the 23Na hyperfine shift 
between x = 0.9 and x = 1 is observed, which we suggest may be due to a 
rearrangement of unpaired electrons within the vanadium t2g orbitals in 
Na3-xV2(PO4)2F3 material. The Na ion mobility increases steadily on charging as more 
Na vacancies are formed and coalescence of the resonances from the two Na sites is 
observed when x = 0.9, indicating a Na1 – Na2 two-site exchange rate of ≥ 4.6 kHz. 
The rapid Na motion and fast exchange rate and high apparent diffusion coefficient 
must in part be responsible for the good electrochemical performance of this electrode 
material. The 31P NMR spectra are complex, the signals of the two crystallograpically 
distinct sites being sensitive to both local Na cation ordering on the Na site in the 
as-synthesized material, the presence of oxidized V4+ defects in the structure and the 
mobility of Na ion and unpaired electron of vanadium, which are required to explore 
further.  
Li2NaV2(PO4)2F3 as a positive electrode material in a lithium ion battery was 
synthesized by an electrochemical method. The cycling performance is excellent. The 
discharge capacity of Li2NaV2(PO4)2F3/Li battery is still 122 mAh/g after 100 cycles 
at a current density of 69.5 mA/g. The in situ XRD results show that there are two 
distinct reaction, two phase reaction between 2.5 V and 3.8 V and solid solution 
reaction from 3.8 V to 4.5 V, appearing in Li2NaV2(PO4)2F3/Li battery during the first 
cycle. The 23Na and 7Li NMR spectra show that the Na in Li2NaV2(PO4)2F3 material 
does not participate in the electrochemical reaction, thus Na can not be replaced with 
Li by electrochemical method in the potential range from 2.5 V to 4.5 V, which means 
the theoretical capacity is limited by the capacity of two Li+ de/intercalation. The 
noticeable new potential plateau around 3.85 V in the discharging process is induced 
by the orbital change of unpaired electron of vanadium.  
High-resolution 1H，6,7Li，17O and 19F NMR spectra complemented by in situ 
















electrode material when used in a lithium (ion) battery during the first discharge 
process. There are three stages in the first discharge process acorrding to the 
electrochemical profile. In stage I (3.0V - 0.8 V), Lithium inserts into RuO2 to form 
LiRuO2 through an intermediate phase LixRuO2, and SEI film will grow due to 
electrolyte decomposition. In stage II (0.8 V plateau), Ru，Li2O and LiOH are 
produced by the reaction of lithium and LixRuO2/LiRuO2. Li2O and LiOH will 
agglomerate seperately after formation. And we suggest that the existence of Ru metal 
will accelerate the decomposition of electrolyte to form SEI layer. In stage III (0.8V - 
0.05 V), LiOH consumes Li to generate Li2O and LiH. The NMR spectra combined 
with the NMR data of the LiOH/Li battery show that the major resource that 
contributed to the extra capacity in RuO2/Li battery is LiOH.  
 
Keywords: lithium ion battery, sodium ion battery, solid state NMR, in situ 
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材料的发展历程以及固体 NMR 实验技术在电池电极材料研究领域的应用现状。 
 
1.1  锂/钠离子电池简介 















 第一章        绪论 
2 
 














1.1.2  锂/钠离子电池电极材料 
1.1.2.1  负极材料 
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